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The insulin-like growth factor (IGF) type 1 receptor is required for
growth, transformation, and protection from apoptosis. IGFs can
enhance cell migration, which is known to be influenced via
regulation of the E-cadherinyb-catenin complex. We sought to
investigate whether IGF-1 modulated the interaction between
E-cadherin and b-catenin in human colorectal cancer cells. We used
the C10 cell line, which we established and have previously shown
to lack adenomatous polyposis coli, E-cadherin, or b-catenin
mutations. We found that IGF-1 stimulation enhanced tyrosine
phosphorylation of two proteins, b-catenin and insulin-receptor
substrate 1, which formed a complex with E-cadherin. Tyrosine
phosphorylation of b-catenin was accompanied by rapid (<1 min)
dissociation from E-cadherin at the plasma membrane, followed by
relocation to the cellular cytoplasm. IGF-1 also enhanced the
stability of b-catenin protein. Despite this, we observed no en-
hancement of transcriptional activity in complex with T-cell factor
4 (Tcf-4) in human embryonic kidney 293 cells treated with IGF-1 or
insulin alone. IGF-1 did, however, enhance transcriptional activity
in combination with lithium chloride, an inhibitor of glycogen
synthase kinase 3b, which also stabilizes b-catenin. In conclusion,
we have shown that IGF-1 causes tyrosine phosphorylation and
stabilization of b-catenin. These effects may contribute to trans-
formation, cell migration, and a propensity for metastasis in vivo.

The insulin-like growth factor receptor (IGF1R) is a tet-
rameric glycoprotein composed of two a and two b subunits.

It belongs to the tyrosine kinase receptor superfamily (1). Upon
engagement of ligand, the receptor undergoes b-subunit auto-
phosphorylation on tyrosine residues 1131, 1135, and 1136 (2).
This results in the recruitment and subsequent tyrosine phos-
phorylation of intracellular substrates including IRS-1, IRS-2,
Shc, and Grb10 (reviewed in ref. 3).

Targeted disruption of the IGF1R in mouse embryos has
clarified the role of the IGF1R in normal cell growth and
transformation. Mice homozygous for a disrupted IGF1R gene
show intrauterine growth retardation and die immediately after
birth (4). Cells derived from these embryos, termed R-, are able
to grow in media supplemented with 10% serum but do so more
slowly than wild-type cells, and each stage of the cell cycle is
lengthened. Moreover, R-cells are refractory to transformation
by oncogenes including simian virus 40 large T and Ha-ras (5, 6).
IGF1R signaling also protects from apoptosis induced by c-myc,
by IL-3 withdrawal in hemopoietic cells, and by loss of matrix
adhesion in fibroblasts (anoikis; refs. 7–9). In addition, use of a
dominant negative mutant receptor in tumors to inhibit IGF1R
signaling has been shown to cause massive apoptosis (10).

Various tumor types have been shown to overexpress func-
tional IGF1R including ovarian carcinoma (11) and rhabdomyo-
sarcoma (12). There are conflicting reports, however, regarding
levels of IGF1R in colorectal cancer compared with normal
mucosa. Zenilman and Graham provided evidence that IGF1R
mRNA levels remain unchanged during the transition of colonic
epithelium from a normal to a neoplastic state (13). Other
reports have suggested overexpression of IGF1R in adenocar-
cinoma of the colon (14) and an increased number of IGF1Rs
during the progression of colorectal adenoma to carcinoma (15).

b-Catenin is a multifunctional molecule that associates with a
wide variety of protein partners, including the protein product of
the adenomatous polyposis coli (APC) tumor suppressor gene.
This interaction regulates free cytoplasmic b-catenin (16, 17).
b-Catenin has also been shown to interact with tyrosine kinase
receptors (18, 19) at the cell periphery and with transcription
factors including the LefyTcf family in the nucleus, activating
expression of target genes including c-myc (20).

b-Catenin protein can be stabilized by mutational inactivation
of the APC gene, usually leading to a truncated protein product,
or b-catenin mutations at regulatory amino-terminal serine
residues. Both situations lead to nuclear translocation of b-cate-
nin and increased transcriptional activation. Such mutations
have been observed in many cancers but have been particularly
well documented in colorectal cancer (21–23). Signaling by the
growth factor Wnt also leads to cytoplasmic accumulation of
b-catenin (24). This occurs via inhibition of signaling by the
serineythreonine kinase glycogen synthase kinase 3b (GSK3b),
which is a component of the APCyaxinyb-catenin complex.
GSK3b constitutively phosphorylates amino-terminal residues
of b-catenin in the presence of axin (25), resulting in the
ubiquitin-mediated proteasomal degradation of b-catenin
(26, 27).

b-Catenin is an essential component of adhesion complexes in
cells. In epithelial cells, b-catenin binds to the intracellular
domain of cadherins, predominantly E-cadherin, linking it to the
actin cytoskeleton via a-catenin (28). This cytoskeletal link can
be severed by tyrosine phosphorylation of E-cadherin-associated
catenins induced by both receptor and nonreceptor tyrosine
kinases including the EGF receptor and c-Src (29). This con-
tributes to loss of E-cadherin function resulting in reduced
cell–cell adhesion (30). Loss of E-cadherin expression is a
common observation in the transition from normal cells to highly
malignant human epithelial cancers (31). This may be caused by
mutation of the E-cadherin gene itself (32), repression of
E-cadherin promoter activity by transcription factors (33, 34), or
an increase in promoter methylation (35, 36).

IGF signaling is known to influence integrin-mediated cell
motility and adhesion to the substratum (37). We noted that
cultured cancer cells expressing antisense IGF1R RNA were less
motile and had altered cell–cell contacts (M.P.P. and V.M.M.,
unpublished observations). Therefore, we investigated whether
IGF-1 signaling can influence the function of adherens junctions.
The parallels between Wnt signaling and the previously docu-
mented inhibition of GSK3 by IGF-1 (38) prompted us to
investigate whether signaling by IGF-1 is also a factor in the
regulation of b-catenin stability and transcriptional activity.

Abbreviations: Tcf-4, T-cell factor 4; IGF, insulin-like growth factor; IGF1R, IGF-1 receptor;
APC, adenomatous polyposis coli; GSK3b, glycogen synthase kinase 3b.
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Materials and Methods
Cell Culture. All cell lines were maintained in DMEM or RPMI
1640 with 2% bicarbonate with 10% FCS, 100,000 units/liter
penicillin, and 100 mg/liter streptomycin sulfate at 37°C in 5%
CO2. Cultures were negative for mycoplasma infection.

Ribonuclease Protection Assays. Total RNA was made using the
RNeasy (Qiagen) kit. In all assays, 25 mg of total RNA was
hybridized overnight at 60°C using the first 286 bp of the IGF1R
cDNA as an antisense riboprobe. Assays were performed as
described previously (39).

Immunoprecipitation and Western Blot Analysis. Subconfluent cul-
tures were serum starved for 24 h, stimulated with serum-free
medium containing 1.3 nM (10 ng/ml) IGF-1 (GIBCOyBRL) or
water control for the indicated times at 37°C. Cultures were
washed in cold PBSA and lysed with Nonidet P-40 lysis buffer
(1% Nonidet P-40y150 mM NaCly50 mM Tris, pH 8.0) or Triton
lysis buffer (1% Tritony10 mM Na2HPO4-NaH2PO4, pH 7y150
mM NaCly5 mM EDTA) including protease inhibitors (10 mg/ml
each of pepstatin, aprotinin, leupeptin, and 100 mg/ml phenyl-
methylsulfonyl f luoride) plus 1:100 phosphatase inhibitor mix-
ture I and II (Sigma). Equal amounts of protein were immuno-
precipitated with either an antibody to E-cadherin (clone
HECD-1-ICRF) or b-catenin (Transduction Laboratories, Lex-
ington, KY) overnight at 4°C. Following isolation with protein G
beads, the immunocomplexes were separated by 7.5% SDSy
PAGE, and the proteins were transferred to Hybond ECL
(Amersham Pharmacia). The filters were blocked in PBSA with
5% nonfat milk and 0.05% Tween 20 for 1 h and then incubated
with primary antibody to b-catenin, IRS-1 (c-20, Santa Cruz
Biotechnology), PY99 (Santa Cruz Biotechnology), or E-
cadherin for 1–3 h at room temperature. Detection was with
secondary antibody conjugated to horseradish peroxidase
(Dako) and ECL Plus (Amersham Pharmacia).

Cell Fractionation Experiments. C10 cells were cultured to 50%
confluence, serum starved for 24 h, and then stimulated with 1.3
nM IGF-1 or water control for the indicated times. The cells were
disaggregated using PBSA-3 mM EDTA and pellets lysed in
digitonin lysis buffer (1% digitoniny150 mM NaCly50 mM
TriszCl, pH 7.5y10 mM MgCl2) plus protease inhibitors. The
lysates were centrifuged at 13,000 rpm for 10 min, and super-
natants representing cytosolic components were saved. The
pellets representing cytoskeletal and nuclear components were
lysed in RIPA buffer (150 mM NaCly1% Nonidet P-40y0.5%
sodium deoxycholatey0.1% SDSy50 mM Tris, pH 7.5). Equal
amounts of proteins were separated on 7.5% SDSyPAGE gels,
transferred to nitrocellulose (Amersham Pharmacia), and im-
munoblotted for b-catenin.

Immunofluorescence. C10 cells were plated onto polysine-coated
slides and incubated at 37°C overnight. Following 24-hour serum
starvation, the cells were stimulated with serum-free medium
containing 1.3 nM IGF-1 or vehicle control for 30 min at 37°C.
The slides were washed three times in PBSA, and localization of
b-catenin was performed as described (40).

Pulse–Chase Analysis. C10 cells were cultured to 70% confluence.
Some cultures were preincubated with 50 mM LiCl for 24 h. The
cells were disaggregated using 3 mM EDTA in PBSA. For each
chase time point, 2 3 106 cells were washed once in RPMI-1640
without cysteineymethionine (starve medium, Sigma) and re-
suspended in starve medium and incubated for 1 h at 37°C. Cells
were pulsed for 30 min at 37°C using 35S-Promix (Amersham
Pharmacia), 10 mCi per 106 cells. The cells were washed three
times in starve media in the presence or absence of IGF-1 (6.5

nM), cycloheximide (10 mg/ml) to prevent new protein transla-
tion, 15 mg/ml L-methionine and 50 mg/ml L-cysteine (GIBCOy
BRL) and chased for the indicated time points. The cells were
lysed in RIPA buffer containing protease inhibitors as previ-
ously described and immunoprecipitated with b-catenin anti-
body for 3 h at 4°C. Immunocomplexes were isolated with
protein G and separated on 7.5% SDSyPAGE gels, stained with
Coomassie blue (Sigma), destained and incubated with Amplify
(Amersham Pharmacia) fluorographic reagent, dried, and ex-
posed to film.

Luciferase Reporter Assays. HEK293 cells (1.5 3 107) were plated
in 15-cm dishes and incubated overnight at 37°C. The cells were
transfected with 13.7 mg each of TOPFLASH or FOPFLASH
reporter plasmids (21), human-Tcf-4, and b-catenin expression
vectors using 18.3 ml of Lipofectamine (GIBCOyBRL). On the
following day, the cells were replated at 5 3 105 into 6-well plates
and incubated at 37°C for 8 h. The cells were washed in
serum-free medium and serum starved overnight in the presence
or absence of LiCl at the indicated concentration for 16 h.
Cultures were incubated with IGF-1 or insulin at 6.5 nM (50
ng/ml) for the indicated times. Reporter assays were performed
using the luciferase reporter system (Promega) on a TD 20y20
luminometer (Turner Designs).

Results
Analysis of IGF1R in Colorectal Cancer Cell Lines. A panel of 20
colorectal cancer cell lines was assessed for their level of
expression of IGF1R protein and mRNA levels. Many of these
cell lines were low-passage cell lines derived from biopsies of
invasive colorectal cancers. These cell lines have been described
in detail elsewhere (41). We observed a considerable variation
in IGF1R expression between colorectal cell lines. IGF1R
expression at the RNA level correlated positively with that of
IGF1R protein (Fig. 1 a and b). We noted that four cell lines,
which lacked APC and b-catenin mutations, tended to have the
highest receptor levels. The C10 cell line had higher levels of
IGF1R than the other cell lines tested and had approximately
27,000 sites per cell using Scatchard analysis. This cell line also
lacks E-cadherin and p53 mutations. C10 IGF1R were deemed
functional due to their enhanced proliferation in response to
exogenous IGF-1 (data not shown). Hence, we used this cell line
to study IGF-1 effects on b-catenin localization and stability.

The Effects of IGF-1 Signaling on the Interaction Between b-Catenin
and E-Cadherin. b-Catenin has been reported to interact directly
with the receptor tyrosine kinase epidermal growth factor and
c-erbB-2 (18, 19). We found no evidence of interaction with the
IGF1R as assessed by coimmunoprecipitation between b-cate-
nin and IGF1R or its principal substrate IRS-1 (data not shown).
IGF-1 stimulation of C10 cells did, however, lead to a differential
pattern of tyrosine phosphorylation of proteins that coimmu-
noprecipitated with E-cadherin (Fig. 2a). Two proteins of ap-
proximate molecular mass of 90 and 180 kDa responded to
IGF-1 stimulation with enhanced tyrosine phosphorylation.
Proteins of equivalent molecular mass were subsequently iden-
tified in E-cadherin immunoprecipitates as b-catenin and IRS-1
(Fig. 2b). We also noted a 120-kDa protein, which responded to
IGF-1 stimulation with reduced tyrosine phosphorylation. This
was likely to be either E-cadherin itself or another member of the
catenin family, p120ctn. Coimmunoprecipitation between E-
cadherin and p120ctn has been observed in this cell line (data not
shown). The interaction between IRS-1 and E-cadherin seemed
to be independent of IGF-1 stimulation. This was not the case for
b-catenin and E-cadherin (Fig. 2 a and b). Fig. 3a shows a
converse immunoprecipitation and Western blot following
IGF-1 stimulation. The interaction between b-catenin and E-
cadherin was maintained in serum-free conditions but was lost
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upon stimulation with IGF-1. We could detect no interaction
between E-cadherin and b-catenin in LS174T cells, which have
two E-cadherin gene mutations and may express truncated
E-cadherin protein lacking b-catenin binding sites (32). We saw
similar effects in other cell lines with lower levels of functional
IGF1R (Fig. 3b), including C99 (41), which carries an APC
mutation and exhibits approximately 5,000 IGF1R per cell
(Fig. 1c).

These findings appeared to link enhanced tyrosine phosphor-
ylation with disruption of adherens junctions. We anticipated
that the effects could be mimicked by inhibition of tyrosine
phosphatases. Fig. 3c shows that treatment with pervanadate
also induced disruption of the b-cateninyE-cadherin complex in
C10 cells. This effect was not seen with the serine phosphatase
inhibitor okadaic acid, which, used at 1 mM, inhibits protein
phosphatases 1 and 2A (data not shown). Similarly, this effect
of IGF-1 was not blocked by inhibitors of phosphatidylinosi-
tol 3-kinase (LY294002, Fig. 3d). The dissociation of the E-
cadherinyb-catenin complex was rapid, occurring in under 1 min
at 37°C, and was sustained for over 1 h (Fig. 3e).

We next investigated the effects of IGF-1 stimulation on the
localization of b-catenin in C10 cells. After 10- and 30-min IGF-1
stimulation, cell pellets were lysed in digitonin lysis buffer to
solubilize cytoplasmic proteins. Digitonin-insoluble nuclear and
cytoskeletal proteins were solubilized in RIPA buffer. Immu-
noblot analysis for b-catenin showed that after 10 min of IGF-1
treatment, there was no apparent difference in the cellular
localization of b-catenin. After 30 min of IGF-1 treatment,
b-catenin appeared to partially relocate from RIPA to digitonin-
soluble components (Fig. 4a). Consistent with this, immunoflu-

orescence staining of C10 cells for b-catenin after 30 min of
IGF-1 treatment showed that b-catenin moved from a peripheral
location to a punctate cytoplasmic distribution (Fig. 4b). These
results confirm that IGF-1 stimulation severed the link between
E-cadherin and the actin cytoskeleton, with the relocation of
b-catenin from a submembrane to a cytoplasmic location.

The Effects of IGF-1 Signaling on Stability and Transactivation Poten-
tial of b-Catenin. Next, we investigated the functional conse-
quences of the IGF-1-induced change in b-catenin localization.
IGF-1 is known to inhibit GSK3b (42). Because accumulation of
b-catenin in a cadherin-free pool correlates with TCF-induced
activation of transcription (43), we postulated that IGF-1 effects
on GSK3b could stabilize b-catenin. We confirmed that IGF-1
stimulation could phosphorylate GSK3b on serine 9 and hence
inactivate it by performing in vitro kinase reactions in C10 cells.
Upon IGF-1 stimulation, immunoprecipitated p90rsk2 induced
2–3-fold phosphorylation of a peptide encompassing the first 15
residues of GSK3b. In both C10 and 293 cell lines, IGF-1-
induced phosphorylation was abolished when serine 9 was
replaced by alanine (data not shown).

We examined IGF-1 effects on the stability of b-catenin by
pulse–chase analysis of C10 cells. When IGF-1 was added at the
chase stage, we observed enhancement of b-catenin stability
from a half-life of 3 h in serum-free conditions to 6 h with IGF-1
(Fig. 5). As lithium chloride has been shown to inhibit GSK3
noncompetitively, we sought to investigate the effects of this
inhibitor on the stability of b-catenin protein. Pulse–chase
analysis was performed on C10 cells in the presence or absence
of 50 mM LiCl (Fig. 6a). Densitometric analysis indicated that
the half-life of b-catenin in cells treated with 50 mM LiCl plus

Fig. 1. Analysis of IGF1R levels in human colorectal cancer cell lines. Lysates
(20 mg) were analyzed for IGF1R and b-catenin levels by Western blotting
using an antibody against the b-subunit of the receptor, and filters were
reprobed for b-catenin (a). Levels of IGF1R RNA were analyzed by ribonuclease
protection assay using the first 286 bases of the IGF1R as an antisense ribo-
probe (b). Subsequently, detailed analysis of the levels of IGF1R per cell was
carried out by Scatchard analysis using 125I-IGF-1 (c). Information on the
mutational status of APC, b-catenin, and E-cadherin was taken from ref. 41.
nyd, Not done.

Fig. 2. Effects of IGF-1 stimulation on tyrosine phosphorylation of proteins
that coimmunoprecipitate with E-cadherin. Cells were serum starved for 16 h
and treated with recombinant 1.3 nM (10 ng/ml) IGF-1 for 10 min. Cells were
lysed in Nonidet P-40 lysis buffer, and proteins were immunoprecipitated
using anti-E-cadherin antibody (clone HECD-1). Immunoprecipitates were
assessed for tyrosine phosphorylation (a) using phosphotyrosine antibody
(PY99). Two proteins of approximate molecular mass of 180 kDa and 90 kDa
were identified by Western blotting as insulin receptor substrate-1 (IRS-1) and
b-catenin (b).
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IGF-1 now exceeded 8 h. Coimmunoprecipitating proteins,
which migrated more slowly in this figure, were likely to be
a-catenin and E-cadherin (Fig. 6a).

To investigate whether IGF-1 also enhanced transactivation
potential, a reporter gene assay was performed in HEK293 cells.
We used a reporter construct incorporating multimeric LefyTcf
promoter sequences upstream of a luciferase reporter (TOP-
FLASH) and a control construct containing mutated promoter
sequences (FOPFLASH, ref. 21). We cotransfected TOP-
FLASH or FOPFLASH, b-catenin, and human wild-type Tcf-4
wild-type expression constructs into 293 cells. Optimized lucif-
erase assays showed a basal level of TOPyFOP activity of
between 4:1 and 20:1. Forty-eight hours after transfection,
serum-starved 293 cells were treated with IGF-1 or insulin for 3
or 6 h. These factors alone failed to alter basal reporter activity
(Fig. 6b). A 16-h pretreatment of the transfectants with LiCl had
a dramatic effect on reporter activity, with significant enhance-
ment at 50 mM LiCl (P , 0.01 by Tukey’s test for comparison
with activity in the absence of LiCl). We saw a further increase
in reporter activity when we added 50 ng/ml (6.5 nM) IGF-1 to
transfectants pretreated with LiCl at 10 mM (P , 0.01 after 6 h
of IGF-1 treatment) and at 50 mM (P , 0.01 after 3 h of IGF-1
treatment and P , 0.001 after 6 h).

Discussion
b-Catenin interacts with three major cell systems that regulate
its fate and function (reviewed in ref. 28). First, b-catenin is a

component of adherens junctions where it links cadherins to the
actin cytoskeleton. Second, its degradation is regulated by
complexing with APCyaxin and GSK3b; third, its transcriptional
activity is regulated in a nuclear complex with LefyTcf tran-
scription factors. We have addressed the role of IGFs in each of
these aspects of b-catenin function.

We have shown that treatment of C10 human colorectal
cancer cells with IGF-1 enhanced tyrosine phosphorylation of
proteins coprecipitating with E-cadherin, namely IRS-1 and
b-catenin. Complexes including IRS-1 and E-cadherin have been
reported previously in MCF-7 cells (44).

IGF-1-induced tyrosine phosphorylation of b-catenin resulted
in rapid disruption of b-catenin from E-cadherin. The speed of
this effect (,1 min) argued against involvement of downstream
signaling intermediates, such as phosphatidylinositol 3-kinase,
given that maximum activity of these kinases after mitogen
stimulation occurs after 1 min. Indeed, IGF-1-induced down-
regulation of the b-cateninyE-cadherin complex was not blocked
with inhibitors of this pathway. Members of the Src family of
nonreceptor tyrosine kinases have been shown to phosphorylate
b-catenin on tyrosine and disrupt the complex with E-cadherin
(45). It is plausible that IGF-1 may recruit and activate c-Src
proteins, which are enriched in adherens junctions. However, the
demonstration that an inhibitor of c-Src activity, C-terminal Src
kinase, can interact directly with the IGF1R argues against this
possibility (46). Alternatively, IGF-1 signaling may lead to
inactivation of a tyrosine phosphatase. IRS-1, for example, has

Fig. 3. Effects of IGF-1 stimulation on the interaction between b-catenin and
E-cadherin. Cells were serum starved for 16 h, then stimulated with 1.3 nM (10
ng/ml) IGF-1 for 10 min (a and b), pervanadate (0.5 mM sodium orthovanadate
and 1.5 mM hydrogen peroxide) for 30 min (c), 1.3 nM IGF-1 for 10 min
following preincubation with 100 mM LY294002 or DMSO carrier for 30 min
(d), or with 1.3 nM IGF-1 from 1 to 60 min (e), all at 37°C. Cells were lysed in
Triton lysis buffer, and the interaction between b-catenin and E-cadherin was
examined by immunoprecipitation of b-catenin and Western blotting for
E-cadherin.

Fig. 4. Effects of IGF-1 stimulation on the localization of b-catenin in c10
cells. (a) Subconfluent c10 cells were serum starved for 16 h and were treated
with 1.3 nM IGF-1 for 10 or 30 min. Cells were fractionated into 1% digitonin
or RIPA-soluble fractions, and equal amounts of each soluble fraction were
separated by SDSyPAGE and immunoblotted for b-catenin. (b) Subconfluent
c10 cells were serum starved for 16 h and were treated with 1.3 nM IGF-1 or
vehicle control for 30 min at 37°C. Cells were stained with an antibody for
b-catenin that was visualized with a fluorescent secondary antibody. DNA was
stained with 49,6-diamidino-2-phenylindole (DAPI). (3400.)
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been shown to directly interact with SHPTP-2 (47), a phospha-
tase with a role in cell motility (48, 49). The tyrosine phosphatase
LAR (leukocyte common antigen-related) has been detected in
the E-cadherinyb-catenin complex and has a role in epithelial
cell migration (50).

Consistent with our findings, Andre et al. (51) have recently
demonstrated enhanced tyrosine phosphorylation of b-catenin
upon IGF-1 stimulation in an APC-mutated colorectal cancer
cell line, HT29. This resulted in down-regulation of E-cadherin
and increased cell motility. This effect of IGFs upon the inter-
action between b-catenin and E-cadherin may serve to inhibit
the function of E-cadherin, which, in vivo could lead to a
propensity for metastasis.

We found that a 30-min stimulation of C10 cells with IGF-1
resulted in the relocation of b-catenin from a submembrane to
cytoplasmic location. Other growth factors, such as hepatocyte
growth factor and intestinal trefoil factor, have been shown to
increase the levels of b-catenin-free pools caused by tyrosine
phosphorylation, which resulted in concomitant cell migration
(52, 53). The secreted factor Wnt-1 also enhanced b-catenin-free
pools, not via tyrosine phosphorylation but by suppression of
GSK3b leading to increased stability of b-catenin (24, 54).
Furthermore, signaling by Wnt enhanced transcriptional activa-
tion of b-catenin in complexes with TcfyLef transcription factors
(55, 56).

We observed an approximate doubling of the half-life of
b-catenin in the presence of IGF-1 from 3 to 6 h. However, no
b-cateninyTcf transcriptional activation was observed in the
presence of IGF-1 alone. Lithium chloride has been shown to
inhibit GSK3b by a mechanism independent of serine 9 phos-
phorylation (57). We found that LiCl alone at 50 mM increased
the half-life of b-catenin protein to a greater extent than that
seen with IGF-1 alone, to over 8 h. In addition, LiCl treatment
produced a dramatic increase in b-cateninyTcf transcriptional

activation. A combination of LiCl and IGF-1 further increased
this transcriptional activity.

In conclusion, LiCl-mediated inhibition of GSK3b appeared
to stabilize b-catenin to allow accumulation of free cytoplasmic
b-catenin to a sufficient extent to induce LefyTcf activation. It
appeared that IGF-1 alone did not allow the accumulation of
free b-catenin to a threshold sufficient to initiate transcriptional
activation. Interestingly, transfection of APC in SW480 cells can
still down-regulate b-catenin levels in the presence of 40 mM
lithium, suggesting other kinases apart from GSK3b may be
involved in the actions of APC (58). As IGF-1 was found to
enhance transcriptional activation in the presence of LiCl, it is
possible that this unknown kinase might be downstream of
signaling from the IGF1R.

Finally, given that APC and GSK3 function as pro-apoptotic
signals (21, 59, 60), and excess b-catenin expression protects
from apoptosis caused by anoikis (61), we suggest that IGF
effects on b-catenin could also explain, at least in part, the
anti-apoptotic effects of IGF signaling.
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assistance with confocal microscopy, and Prof. A. L. Harris for encour-
aging discussions. This study was supported by the Medical Research
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Fig. 5. Analysis of effects of IGF-1 signaling on stability of b-catenin protein.
Subconfluent C10 cells were pulsed with 35S-Promix and chased with medium
containing an excess of cold methionineycysteine for the indicated times. Cells
were lysed and immunoprecipitated for b-catenin. The results were analyzed
by densitometry and expressed graphically as a percentage of the value at
time 0 h. The figure shows results of a single experiment, which was repeated
once with similar results.

Fig. 6. (a) Effects of lithium chloride on stability of b-catenin. Subconfluent
C10 cells were serum starved for 16 h in the presence or absence of 50 mM LiCl
and then pulsed with 35S-Promix for 30 min and chased with medium con-
taining excess of cold methionineycysteine. Cells were lysed and immunopre-
cipitated for b-catenin and analyzed as before. The numbers shown indicate
a mean of duplicate experiments. (b). Effects of IGF-1 and lithium chloride on
transcriptional activity of b-catenin. HEK293 cells were cotransfected with
equal amounts of expression plasmids containing full-length wild-type b-cate-
nin, Tcf-4, and either TOPFLASH or FOPFLASH reporter. Total cell lysates were
equalized for protein concentration and assayed for luciferase activity. Bars
indicate the mean and standard error of triplicate luciferase assays.
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